3D-2D crossover in the naturally layered superconductor (LaSe)i i4(NbSe2) 
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The temperature and angular dependencies of the resistive upper critical magnetic field Bc2 reveal a 
dimensional crossover of the superconducting state in the highly anisotropic misfit-layer single crystal 
of (LaSe)i.i4(NbSe2) with the critical temperature Tc of 1.23 K. The temperature dependence of 
the upper critical field Bc2\\ab(T) for a field orientation along the conducting (a&)-planes displays 
a characteristic upturn at 1.1 K and below this temperature the angular dependence of Bc2 has a 
cusp around the parallel field orientation. Both these typical features are observed for the first time 
in a naturally crystalline layered system. 



PACS numbers; 74.60.Ec, 74.25.Fy, 74.60.-w 

The discovery of the cuprate superconductors with a 
high critical temperature has lead to renewed interest 
in anisotropic or even low-dimensional superconductivity. 
Already 30 years ago Lawrence and Doniach Q described 
the behavior of layered superconductors in a magnetic 
field based on a model system of stacked two-dimensional 
superconducting layers coupled together by Josephson 
tunneling between adjacent planes. In contrast to the 
isotropic case where the magnetic flux penetration oc- 
curs in the form of vortices of circular symmetry, in an 
anisotropic superconductor the vortex cores will be flat- 
tened in the interlayer c-direction for magnetic fields par- 
allel to the layered structure (a6-planes) with < £,ab 
for the vortex core radii and ^afc, respectively, per- 
pendicular and parallel to the planes. If is bigger than 
the distance between the adjacent superconducting layers 
the system is anisotropic but still three-dimensional with 
the upper critical magnetic fields for fields perpendicular 
and parallel to the layers determined by a product of the 
corresponding coherence lengths: i3c2||c — *J'o/(27r^^fc) 
and B^2\\ab = *o/(27r^abCc), respectively, where $0 is 
the flux quantum. In some cases including the high-Tc 
cuprates the critical fields can be very high and in ex- 
tremely anisotropic superconductors could shrink with 
decreasing temperature below the value of the interlayer 
distance s. Then, the vortices are confined between the 
superconducting layers for fields applied parallel to the 
layers leading to a dimensional cross over in the flux pen- 
etration. Here, we present such a 3D-2D dimensional 
cross over in the upper critical field data of the highly 
layered single crystal of (LaSe)i.44(NbSe2). As shown in 
our previous paper Q (LaSe)i.44(NbSe2) has been the 
first found system based on conventional superconductor 
behaving like the intrinsic Josephson junctions. 

According to the simplest Lawrence-Doniach model 
the upper critical B^2\\ab parallel to the a6-planes is pre- 
dicted to diverge at the dimensional transition at a tem- 
perature T*, where ic{T*) = s/\/2. The real finite value 



of the upper critical field B^2\\ab is caused by the finite su- 
perconducting layer thickness, Pauli paramagnetism and 
spin-orbit coupling effects. Klemm, Luther and Beasley 
1^ have extended the Lawrence-Doniach model to include 
these effects. They show that the divergence is removed 
but the dimensional crossover to a two-dimensional su- 
perconductivity is still characterized by a strong upward 
curvature of B^2\\ab{T). Experiments on the intercalated 
layered compounds based on 2i/-TaS2 Q| revealed strong 
upward curvature of the temperature dependence of the 
parallel upper critical fields accompanied by the tem- 
perature dependent critical field anisotropy B ^2\\ab / B c2\\c. 
reaching maximum values of about 60. Similar results 
were obtained on the intercalated M0S2 §. In exper- 
iments performed on artificially grown superconducting 
superlattices [^,0] the 3D-2D crossover is also well ex- 
pressed by a kink in the temperature dependence of 

Bc2\\ab{T). 

The crossover to the two-dimensional behavior can be 
highlighted by a second effect. Namely, there will be a 
qualitative change of the angular dependence of the up- 
per critical field i?c2(0)- For the three-dimensional situa- 
tion, the angular dependence i?c2(0) of the upper critical 
field interpolates between B^2\\ab and B^2\\c in the sim- 
pie ellipsoidal form {^^.^m^f + ^B^sM^s^y = 1 

with a rounded maximum around = (magnetic field 
parallel to the layers). In the 2D regime the supercon- 
ducting layers are decoupled and can be treated as iso- 
lated thin films. For this case Tinkham |^ proposed the 
equation \ BMB)sn.e) , ^ .B,2(e)£2£e )2 ^ 1. the 3D 

case the slope of -Bc2(0) is zero around = while in 
the 2D case it has a finite value making a cusp. This 
effect was also observed in superconducting superlattices 
below the 3D-2D transition. The situation remains un- 
clear in the natural layered single crystals. In the case 
of high- Tc cuprates the angular dependence of the irre- 
versibility field has shown up the cusp-like form for the 
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most anisotropic system, Bi2SriCaCu202: 10|. Here, 
we present in the critical field data of the naturally lay- 
ered system (LaSe)i.i4(NbSe2) experimental evidence of 
both effects pointing to the 3D-2D transition: The up- 
turn of the upper critical field parallel to the layers at 
about 1.1 K as well as the cusp-like behavior of the an- 
gular dependence of Bc2 below this temperature. 

(LaSe)i.i4(NbSe2) is a low temperature superconduc- 
tor with Tc around 1.2 K belonging to the family of the 



lamellar chalcogenides 11 1, where the two slabs, LaSe 
and NbSe2, are stacked in a certain sequence. Due to 
the different symmetry of the LaSe and NbSe2 layers a 
crystallographic misfit results along one intralayer axis 
whereas along the perpendicular intralayer axis a per- 
fect fit of both structures is achieved ||l^] . In the case of 
(LaSe)i.i4(NbSe2) every intercalated LaSe layer with the 
thickness of about 6 A is sandwiched by one 2H-NbSe2 
layer with about the same thickness. The sandwich unit 
is stabilized by the electron transfer from the LaSe to 
the NbSe2 slab resulting in the natural layered system 
of insulating LaSe and (super)conducting NbSe2 sheets, 
where the conduction is accomplished by the Nb 4:dz2 
orbitals 0,|2|. 

A standard lock-in technique at 17 Hz was used to 
measure the magnetic field dependencies of the sample 
resistance in a four-probe configuration at different fixed 
temperatures down to 100 mK. The current and voltage 
was measured within the same a6-plane of the sample. 
The magnetoresistive transitions were measured at dif- 
ferent angles between the a6-plane of the sample and the 
applied magnetic field keeping the current always orthog- 
onal to the field. The angular resolution was better than 
0.2 degree with the = 0° orientation defined from the 
highest value of Bc2- 

Figure 1 shows the magnetoresistive transitions from 
the superconducting to normal state for the applied mag- 
netic field oriented perpendicular (upper part) and paral- 
lel (lower part) to the superconducting layers. The mea- 
sured magnetoresistances were normalized to the high 
field value. The transitions are shifted to higher fields 
and broadened with decreasing temperature. After the 
main increase of the resistance there is a large field 
range where the resistance is slightly increasing before 
it reaches the constant normal-state value. This effect is 
more remarkable for the perpendicular field orientation 
indicating the important role of fluctuations of the phase 
and the amplitude of the superconducting order param- 
eter in the system. In such a situation the magnetoresis- 
tive transitions are affected by dissipation effects due to 
depinned vortices much before the mean field transition 
Bc2 is achieved. To avoid this effect as much as possible 
we have defined the critical fields near the onset of su- 
perconductivity where the resistance is R/ Rn=0.95 {Rn 
- normal state resistance). 

Figure 2 shows the resulting upper critical magnetic 
fields for both field orientations Bc2\\c and i?c2||ofc, respec- 



tively. The parallel-to-the-plane upper critical magnetic 
field shows a strong upward curvature below 1.1 K. At 
100 mK it reaches a value of 18 Tesla, what is far above 
the Clogston paramagnetic limit. i?c2||c perpendicular 
to the layers reveals a slightly positive curvature below 
Tc down to 400 mK and a saturation at the lowest tem- 
peratures. A positive curvature contradicts the expected 
linear behavior in this temperature range predicted for 
classical type-II superconductors ||l^ . On the other hand 
this feature can be found in many "exotic" superconduc- 
tors including the layered dichalcogenides |l4|. Among 
various explanations we remark an effect of the flux flow 
when the vortices melt due to important phase fluctua- 
tions in systems with a high value of the upper critical 
field or dBf,2\\c/dT at Tc jl^ . In our case it is more than 1 
Tesla/Kelvin The plausibility of such an explanation 
is also supported by the fact that the effect of the positive 
curvature is much stronger for another misfit-layer sys- 
tem, (LaSe)i.i4(NbSe2)2 (Tc=5.3 K), with smaller super- 
conducting coherence volume and consequently stronger 
fiuctuations ||l6|| . 

We note that the real Bc2 values can be significantly 
higher than those defined at 0.95 Rn- In we apphed 
the model of UUah and Dorsey ||l^ for a scaling anal- 
ysis of the contribution of superconducting fluctuations 
to the magnetoresistive transitions of (LaSe)i.i4(NbSe2) 
in perpendicular fields. Using the upper critical field 
as the only fitting parameter in the scaling analysis 
we have obtained a classical temperature dependence of 
Bc2\\ciT) with a linear decrease towards to Tc and a zero- 
temperature extrapolated i?c2(0) equal to 1.2 Tesla in- 
stead of 0.4 T obtained at 0.95 An additional argu- 
ment for the fact that the field value of Bc2 lies far behind 
the main increase of the intralayer resistance has been 
found in our previous paper There we have shown 
that the interlay er transport in (LaSe)i.i4(NbSe2) is ac- 
complished by the tunneling of quasiparticles and Cooper 
pairs across the Josephson coupled layers. At higher 
magnetic fields the tunneling of quasiparticles dominates 
with a linear magnetic field dependence of the interlaycr 
conductance until this conductance achieves the constant 
normal-state value at a certain magnetic field defining 
the value of Bc2\\ciT). The resulting temperature depen- 
dence of the upper critical magnetic field is in a full agree- 
ment with the Werthamer prediction and gives -Bc2||c(0) 
equal to 1.2 Tesla in agreement with the critical fluc- 
tuations model. Therefore, the estimation of the upper 
critical fleld from the intralayer resistance measurements 
in the present experiment inevitably interferes with the 
dissipative vortex processes and can be taken only as a 
lower bound of the real upper critical flelds. 

The upper critical field anisotropy 7 = Bc2\\ab/ Bc2\\c 
as a function of the temperature is shown in the lower 
part of Fig. 2. Just below Tc it starts at a value of ^ 40 
and rises rapidly to a maximum of '--^ 130 at around 1000 
mK and it smoothly decreases down with a tendency to 
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saturation at the lowest temperatures where it achieves 
a value of ~ 50. The rapid rise of Bc2\\abl Bc2\\c below 
1.2 K demonstrates the dominant effect of the upturn of 
Bc2\\ab compared to the anomalous positive curvature of 
Bc2\\c{T)- Even assuming Bi,2\\c{T) to be linear between 
Tc and 400 mK would not have an important effect on the 
overall temperature dependence of the anisotropy factor 
with a maximum at about 1.0 K, just the 7 values would 
be lowered in this temperature range. This supports a 
dimensional crossover around 1 K. 

Just below Tc the three-dimensional anisotropic 
Ginzburg-Landau limit is valid in any superconductor be- 
cause the divergent temperature dependence of the coher- 
ence length close to Tc will finally increase above the 
interlayer distance s (^c > s). In our interlayer transport 
measurements we found 1^ that the real i3c2||c(l-2 K) is 
about 0.2 T giving an in-plane coherence length S^ab ^ 
400 A. Taking into account the anisotropy factor at this 
temperature we can estimate the out-of-plane coherence 
length = S,abH ~ 10 ^- This value is comparable with 
the c-axis lattice constant 12 A) what indicates a real- 
istic starting condition for the 3D-2D dimensional transi- 
tion since at lower temperatures becomes smaller than 
c and the flux can be trapped in between the supercon- 
ducting layers making the orbital pair-breaking effect in- 
effective. 

Below the 3D-2D transition the anisotropic Ginzburg- 
Landau limit is no longer valid and the interlayer coher- 
ence length can not be anymore calculated from the 
parallel upper critical field Bc2\\ab since the supercon- 
ducting layers are almost decoupled. For the single su- 
perconducting layer of the thickness d, the parallel upper 
critical field is given ||l9| as Bc2\\ab — ^aV^/ {'^T^d£,ab)- 
In a more realistic model Deutscher and Entin-Wohlman 
have shown that a layered superconductor consisting 
of alternating insulating layers of thickness s and (su- 
per)conducting layers of thickness d shows a dimensional 
crossover with an upturn in Bc2\\ab{T) when the inter- 
layer coherence distance is smaller than the sum of 
s + d. They have found that the two-dimensional behav- 
ior of a layered system is more pronounced when the insu- 
lating layer thickness is bigger than the superconducting 
layer thickness. Being in the 2D regime, the temperature 
dependence of the parallel critical field can be directly 
compared with that of the square root of the perpen- 
dicular critical field. This is demonstrated by the open 
symbols in the Fig. 1 giving a/ Bc2\\c{T) multiplied with 
a constant factor. At temperatures above 1 K one can 
see disagreement between the temperature dependence of 
Bc2\\ab and of ^ Bc2\\c{T) indicating the crossover to the 
three dimensional regime. Of coarse such a comparison is 
a significant oversimplification since in our case also the 
spin-orbit scattering plays an important role producing 
very high upper critical fields in the a6-plane. 

Another strong argument for the 3D-2D transition of 
a superconductor can be obtained via studying the an- 



gular dependence of the upper critical field. In Fig. 3 
we present the data for four different temperatures at 

0. 45, 0.58, 1, and 1.2 K. The data are compared with 
both models: the anisotropic 3D model of Lawrence and 
Doniach as well as the 2D model of Tinkham. Since for 
such high degree of anisotropy the models differ only for 
the field orientations very near to the a5-planes, the data 
are presented only at small range of angles Q. As is 
apparent the behavior is cusp-like for the temperatures 
T = 0.45 K and 0.58 K indicating the two-dimensional 
character of the superconducting state. At T = 1 K 
these two models are almost nondistinguishable due to 
the high anisotropy factor, but still more probably the 
system is two-dimensional as no round maximum could 
be observed in i?c2(0)- At T = 1.2 K a cusp-like form 
near = is changed to the round maximum indicating 
more three-dimensional behavior. The values of Bc2\\ab 
diminish as temperature increases in a similar way as the 
data presented in Fig. 2 for a different crystal. Also the 
anisotropy factor behaves qualitatively as in the Fig. 2, 

1. e. it increases from the lowest temperature to the 3D-2D 
crossover and then it drops down in the 3D regime near 
Tc- We note that the value of the anisotropy factor differs 
from sample to sample pl| , but the qualitative picture 
holds. Such a pronounced cusp- like behavior of -Bc2(0) 
in the two-dimensional regime could be observed only on 
very tiny samples with a clear plane parallel geometry, 
while in samples with little wavy surfaces the angular 
dependence always revealed the round maximum which 
could be fitted by the 3D anisotropic formula. 

Finally, in the strongly anisotropic superconductor 
(LaSe)i.i4(NbSe2) with Tc = 1.23 K we have found ex- 
perimental evidence for the crossover from the three- 
dimensional to two-dimensional superconducting behav- 
ior. Namely, we observed a strong upturn in the temper- 
ature dependence of the parallel upper critical magnetic 
field at 1.1 K with, at lower temperatures, a tempera- 
ture dependent critical field anisotropy and a cusp-like 
angular dependence of Bc2 around the parallel field ori- 
entation. All these typical features are observed for the 
first time in a naturally crystalline layered system. 
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FIG. 1. Magnetoresistive superconducting transitions at different temperatures for the applied field perpendicular (upper 
part) and parallel to the superconducting planes . 
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FIG. 2. Upper part - resistive upper critical fields for B\\c and B\\ab are shown by closed symbols. Bc2\\ab calculated from 
B^2\\c in 2D model - opened symbols. Lower part - the temperature dependence of the anisotropy factor. 
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FIG. 3. The angular dependence of the upper critical field at different temperatures. Solid line - the 2D Tinkham model, 
dashed line - the anisotropic 3D Lawrence-Doniach model. 



7 



